We consider the pp → ppρ 0 π 0 and pp → pnρ 0 π + processes at LHC energies. Our description is based on the nonperturbative framework of tensor pomeron and tensor reggeon exchanges. We discuss the DrellHiida-Deck type mechanism with centrally produced ρ 0 meson associated with a very forward/backward πN system. The considered processes constitute an inelastic (non-exclusive) background to the pp → ppρ 0 reaction in the case when only the centrally produced ρ 0 meson decaying into π + π − is measured, the final state protons are not observed, and only rapidity-gap conditions are checked experimentally. We compare our results for the γπ + → ρ 0 π + reaction with the experimental data obtained by the H1 collaboration at HERA. We present several differential distributions for the pp → pnρ 0 π + reaction and estimate the size of the proton dissociative background to the exclusive pp → ppρ 0 process. The ratio of integrated cross sections for the inelastic pp → pN ρ 0 π processes, where pN ρ 0 π stands for pnρ 0 π + plus ppρ 0 π 0 , to the reference reaction pp → ppρ 0 is of order of (7-10)%. We present also the ratios of the ρ 0 rapidity and transverse momentum distributions for the inelastic pp → pN ρ 0 π versus the elastic pp → ppρ 0 reaction. Our results may be used to investigate the γπ → ρ 0 π process at LHC energies.
I. INTRODUCTION
The study of vector meson production in the exclusive pp → ppV reaction is one of the important programs for the LHC. So far the CDF collaboration at Tevatron [1] and the LHCb collaboration at the LHC [2] [3] [4] [5] presented their results for "exclusive" production of the J/ψ and ψ ′ mesons. These vector mesons were observed through their decay into the µ + µ − final state. Also the cross sections for production of Υ states were measured; see [6] . However, so far forward going protons were not measured at the LHC. Instead, the LHCb collaboration checks only the rapidity gaps around the measured vector meson. Therefore, one is not sure whether the reaction is fully exclusive or whether there are contributions from dissociation of one or both protons in the final state. In the following we shall consider as reference reaction exclusive central ρ 0 production in pp collisions (see Fig. 1 )
Here the ρ 0 is produced by the fusion of a virtual photon emitted from one proton and a pomeron plus f 2IR reggeon from the other proton. In the inelastic case the proton emitting the photon, or the one emitting IP , f 2IR , or both protons may dissociate. If these remnants from the dissociated protons have low invariant mass they constitute a background to the reaction (1.1). Experimentally this background is notoriously difficult to handle. Also from the theory point of view these breakup reactions have rarely been studied. In [7, 8] the electromagnetic dissociation was estimated to be of the order of 10% (for excited states M X < 2 GeV) of the exclusive cross section for J/ψ production. Here we wish to make first estimates in the case of diffractive proton excitation for ρ 0 production. That is, we shall study the case where the proton at the IP , f 2IR side of Fig. 1 breaks up into a π + n continuum state
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The corresponding diagrams are shown in Fig. 2 . This gives then a leading neutron on one side of the collision. Such leading neutrons can be rather easily detected with special forward detectors [9, 10] . The reaction (1.2) can be seen as a Drell-Hiida-Deck mechanism [11, 12] where a proton is dissociating into the (n, π + ) system which scatters elastically on the ρ 0 meson via the exchange of the pomeron and f 2IR reggeon. In addition to the pion exchange mechanism (see corresponding diagram of Fig. 2 (a) ) two further contributions (diagrams (b) and (c)) must be included. The two diagrams (b) and (c) give contributions to the total scattering amplitude with similar magnitude but opposite sign; see e.g. [13] [14] [15] [16] [17] [18] . Therefore, in most of the phase space, in particular, at small momentum transfer squared at the p → n vertex, the contributions of diagrams (b) and (c) essentially cancel such that the contribution of diagram (a) dominates the cross section. Here we shall concentrate on the pion exchange mechanism; see Fig. 2 (a) . For a recent consideration of the Drell-Hiida-Deck mechanism [11, 12] at LHC energies, see e.g. the discussion of the pp → ppπ 0 reaction in [19] .
The production of leading neutrons was studied in deep-inelastic ep scattering (semi-inclusive e + p → e + n + X process) at HERA [20, 21] . Very recently the first measurement of exclusive photoproduction of ρ 0 mesons associated with leading neutrons (γp → ρ 0 nπ + ) was presented by the H1 collaboration [22] . The HERA experimental results indicate that the production of neutrons carrying a large fraction of the proton beam energy is indeed dominated by the pion exchange process. The description of these leading neutron processes still is a theoretical challenge. Exclusive processes with a leading neutron in ep collisions were discussed recently in the color dipole approach [23] using the flux of virtual pions emitted by the proton. For related work on the exclusive vector-meson (ρ, φ and J/ψ) production associated with a leading neutron see [24] . In the following we shall compare our results for the pion exchange mechanism (see Fig. 2 (a)) with those obtained in [24] .
In [25] we considered the reaction pp → pp(ρ 0 → π + π − ) within the tensor-pomeron approach formulated in [26] . In [27] three models for the soft pomeron, tensor, vector, and scalar, were compared with the STAR experimental data on polarised high-energy pp scattering [28] . Only the tensor-pomeron model was found to be consistent with the general rules of quantum field theory and the data from [28] . Recently, both the ρ 0 -photoproduction and the purely diffractive contributions have been discussed for the pp → ppπ + π − reaction; see [29] . In the present paper we wish to make first predictions for the process (1.2) within the same framework.
Motivated by the study of two of us of diffractive π 0 -strahlung production [19] we consider here only the contributions related to a p → π + n transition which is interesting by itself (the p → π 0 p transition can be done analogously). A related hadronic bremsstrahlung mechanism of difractive production of ωN states has been discussed in [30] . In general, there are also contributions due to diffractive excitation of resonances, N * states, and their subsequent decays into the πN channel. For an analysis of proton diffractive dissociation to N * states see [31, 32] .
The Born diagrams for processes contributing to exclusive ρ 0 meson photoproduction associated with a leading neutron in proton-proton collisions. The diagrams correspond to the Drell-Hiida-Deck type mechanism [11, 12] for the pion exchange (a), neutron exchange (b), and direct production (c). In the following the incoming proton at the upper side of the diagrams will be the one with momentum p a , at the lower side with momentum p b . There are also the corresponding diagrams with the rôle of the initial protons interchanged.
Our paper is organized as follows. In Sec. II we present the basic formulae for the γπ + → ρ 0 π + reaction within the tensor-pomeron approach and compare our results with the H1 experimental data. In Sec. III we consider the pp → pnρ 0 π + process shown in Fig. 2 (a) . Sec. IV contains numerical results for total and differential cross sections calculated for the LHC energies.
We present also the ratios of the ρ 0 rapidity and transverse momentum distributions for the inelastic pp → pNρ 0 π processes, where pNρ 0 π stands for pnρ 0 π + plus ppρ 0 π 0 , versus the elastic reaction pp → ppρ 0 . Sec. V presents our conclusions.
II. THE REACTION γπ + → ρ 0 π + As a first ingredient for our calculations we consider the reaction (see Fig. 3 )
for real photons. Here the four-momenta and the helicities, λ γ = ±1 and λ ρ = ±1, 0, are indicated in brackets. We use standard kinematic variables The differential cross section for the reaction (2.1) for unpolarised photons and no observation of the ρ 0 polarisation is given by
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The T -matrix element is
The amplitude via the tensor-pomeron exchange is written as
where ǫ (γ) and ǫ (ρ) are the polarisation vectors for photon and ρ 0 meson, respectively. The IP ρρ vertex is given in [26] by formula (3.47). The effective propagator of the tensor-pomeron exchange is written as (see (3.10) of [26] ):
and fulfils the following relations
Here the pomeron trajectory α IP (t) is assumed to be of standard linear form with intercept slightly above 1:
For the IP ππ vertex we have (see Eq. (3.45) of [26] and (B.69) of [33] )
Here β IP ππ = 1.76 GeV −1 and F M (t) is the pion electromagnetic form factor in a parametrization valid for t < 0,
where [34] and (3.34) of [26] . Including f 2IR exchange we obtain for the amplitude (2.4)
Here we use (3.2), (3.10), (3.12), (3.23), (3.45), (3.47), (3.53), and (3.55) of [26] , in particular, we
The explicit tensorial functions Γ
µνκλ (p ρ , −q), i = 0, 2, are given in [26] , formulae (3.18) and (3.19), respectively. We take the parameters occurring in (2.12) from [26] and for the coupling constants a and b the set A given by (2.15) of [25] . In this way we described the experimental data for elastic photoproduction of ρ 0 meson in the γp → ρ 0 p reaction fairly well for energies W γp 8 GeV; see Fig. 4 (left panel) of [25] . Fig. 4 (a) shows the integrated cross section for the γπ + → ρ 0 π + reaction as a function of the center-of-mass energy. Our result is compared with the H1 experimental results [22] given in Table 9 of [22] in the W γπ region where these data exist, see Fig. 4 (b). The experimental photonpion cross sections were extracted from the exclusive ρ 0 production associated with a leading 
Cross section of elastic ρ 0 photoproduction on the pion as a function of the center-of-mass energy W γπ . The solid line corresponds to results with both the tensor pomeron and tensor f 2IR exchanges. The individual pomeron and reggeon exchange contributions denoted by the long-dashed and short-dashed lines, respectively, are presented. (b): Extended view of the W γπ region where data from [22] exist. We show the result from (2.11) and the result multiplied by the factor 0.6 ± 0.1. The experimental data are from Table 9 of [22] . The inner error bars represent the total experimental uncertainty, the outer errors are experimental and model uncertainties are added in quadrature. (c): The ratio of cross sections σ(γπ + → ρ 0 π + ) and σ(γp → ρ 0 p). The data point at W = 24 GeV is taken from [22] . neutron, γp → ρ 0 nπ + , using the differential cross section dσ γp /dx L and the pion flux integrated over the range p t,n < 0.2 GeV; see [22] . We see from Fig. 4 (b) that the W γπ shape of the data is rather well represented by our results. Note that for this it is important to have both contributions, pomeron and f 2IR reggeon exchange. But to obtain the normalization of the data we have to multiply our results with a factor K = 0.6. The same message can be determined from Fig. 4 (c) where we show the ratio of cross sections for elastic ρ 0 photoproduction on pions and protons. To calculate the cross section for the γp → ρ 0 p process we use formula (2.1) given in [25] . We can see that, according to our calculation, the ratio σ γπ /σ γp is slightly above 0.4 for W > 20 GeV.
However, in [22] a significantly smaller value of the ratio, 0.25 ± 0.06 (at the corresponding HERA energy < W >= 24 GeV), has been obtained. This inconsistency for the normalization (Fig. 4 (b) ) and for the ratio shown in Fig. 4 (c) may come from the influence of rescattering (absorptive) corrections which may be essential for the exclusive reaction γp → ρ 0 nπ + studied experimentally [22] . The absorption factor estimated in [22] is K abs = 0.44 ± 0.11 whereas we find here K = 0.6 ± 0.1.
III. THE REACTION pp
Here we discuss the exclusive production of ρ 0 meson associated with a forward π + n system in proton-proton collisions,
The kinematic variables for (3.1) are
The "bare" amplitude (excluding rescattering effects) for the γIP exchange, see diagram (a) in Fig. 2 , can be written as follows:
The γpp vertex is given in [26] by formula (3.26) . For the pion-nucleon vertex we have
The general expressions for the pion-nucleon coupling are given in [35] . We have for the π 0 pp coupling constant g πN N > 0 and g 2 πN N /(4π) = 14.4 as a typical value quoted in the literature; see for instance [35, 36] . The form factor F πN N (t) is normalized to unity at the on-shell point F πN N (m 2 π ) = 1 and parametrised here as
where Λ could be adjusted to experimental data. We take Λ = 1 GeV and 1.2 GeV for comparison.
In the high-energy small-angle approximation we get, including also γf 2IR exchange,
Here we take only the Dirac form factor of the proton F 1 (t 1 ); see (3.29) of [26] . We have also included form factorsF (ρ) (t 1 ) andF π (t 2 ) taking into account that the ρ created in the γ-ρ transition and the π + emitted from the proton p(p b ), respectively, are off shell. We assume in the calculations presented in this paper thatF π (t) = F πN N (t) which corresponds to the exponential form forF π ; see (3.17) of [29] . ForF (ρ) (t) we take a form as given in (B.85) of [33] with Λ ρ = 2 GeV and n ρ = 0.5; see also (3.9) and the discussion of Fig. 8 in [25] . Fig. 2 plus the one with the rôle of the initial protons interchanged, with both IP and f 2IR reggeon exchanges and for Λ = 1 GeV in (3.5)
IV. FIRST RESULTS

Now we
1 . The realistic cross section can be obtained by multiplying the Born cross section by the corresponding gap survival factor < S 2 >. In exclusive reactions, as the pp → ppπ + π − one for instance, the gap survival factor < S 2 > is strongly dependent on the t 1 and t 2 variables, see e.g. [37] . A similar observation was made for the pp → ppJ/ψ reaction [38] . In [25] we have shown that the absorption effects due to pp-interaction lead to a huge damping of the cross section for the purely diffractive mechanism (< S 2 >≃ 0.2) and a relatively small reduction of the cross section for the photoproduction mechanism (< S 2 >≃ 0.9). It is not clear whether such a value (< S 2 >≃ 0.9) is relevant for the case of interest (3.1). Our Born-level cross section, calculated for √ s = 13 TeV, should be compared with σ = (206.72 -278.80) nb obtained within the dipole saturation-inspired approach, see Table 1 of [24] . Therefore, it seems reasonable to assume that the magnitude of the absorptive corrections should be rather larger of order of 50%, < S 2 >= 0.5. We should emphasize that the H1 experimental group found a similar result for the γp → ρ 0 nπ + reaction [22] . From Fig. 4 (c) we find a suppression factor < S 2 >= K ≈ 0.6 ± 0.1. We leave a detailed analysis of absorption effects for future studies.
In Fig. 5 we show several distributions for final state particles (proton, neutron, ρ 0 meson and pion) in several kinematical variables: rapidity, pseudorapidity and Feynman-x (x F = 2p z / √ s). Here we consider only the pion exchange mechanism and only one diagram where the photon couples to the proton p(p a , λ a ); see Fig. 2 (a) . The second diagram where the rôles of the two initial protons are interchanged gives contributions which can be obtained from those presented here through the replacements y → −y, η → −η and x F → −x F . The dip in the η distribution of ρ 0 meson for |η| → 0 is a kinematical effect; see Appendix D of [39] . From the pseudorapidity (η) distributions one can see that it is difficult to perform a fully exclusive measurement. Different types of detectors must be used: a central detector (for detection of charged pions from ρ 0 decay), very forward proton detectors (ALFA for ATLAS or TOTEM for CMS), and the Zero Degree Calorimeters (for detection of neutrons). The π + meson from the reaction (3.1) shows up at rapidities y ≈ −11 to −6.5 and is very difficult to identify with the presently available detectors.
In Fig. 6 we show the rapidity distributions of ρ Fig. 2 (a) ) for the reaction pp → pnρ 0 π + at √ s = 13 TeV. We have taken here Λ = 1 GeV in (3.5). Absorption effects are not included here.
of Fig. 2 (a) into account. In the right panel this diagram and in addition the diagram where the rôles of the two initial protons are interchanged is taken into account. The solid line corresponds to the tensor pomeron and f 2IR exchanges while the long-dashed line corresponds to the pomeron exchange alone. One can observe in the forward/backward rapidity region an enhancement due to the inclusion of f 2IR exchanges. This may be an interesting point for the LHCb experimental plan in the future 2 . Other single particle distributions are shown in Fig. 7 . In the top-left panel we show the transverse momentum distributions of proton and neutron. On average protons have much smaller transverse momenta compared to neutrons. This is easy to understand as due to photon exchange 2 The π + π − pairs from ρ 0 decay could be detected by the LHCb forward spectrometer which covers the region protons are scattered only at small angles. In the bottom left panel we show distributions for ρ 0 meson and charged pion. Here the differences are much smaller as the ρ 0 meson feels not only photon exchange but also pomeron exchange. The four-momentum transfer squared distributions (top right panel) are shown for the p → p vertex (solid line, t 1 ) and for the p → n vertex (dashed line, t 2 ). One can observe a minimum in the t 2 distribution at t 2 = 0 characteristic for pion exchange. The correlations in the relative azimuthal angle between proton and neutron (solid line) and between ρ 0 meson and π + (dashed line) are shown in the bottom-right panel. The lack of correlation between proton and neutron can be understood as follows. The proton p(p a ) emits a quasi real photon and is scattered to proton p(p 1 ); see (3.1) and Fig. 2 (a) . The photon travels essentially in the direction of p a and its polarisation is determined by the azimuthal angle of p 1 . On the other side of the diagram of Fig. 2 (a) the proton p(p b ) scatters to n(p 2 ) emitting a virtual pion π + (q 2 ). Thus, in the middle we have the reaction γπ + → ρ 0 π + . Without observation of the ρ 0 polarisation the cross section for this reaction is independent of the photon polarisation as follows from parity invariance. Then, no information from the photon polarisation and thus, from the azimuthal angle of proton p(p 1 ), can reach the lower part of the diagram, the p(p b ) → n(p 2 ) transition. Therefore, the azimuthal angles of p 1 and p 2 should be uncorrelated, as indeed we find this from the explicit calculation; see Fig. 7 , lower right panel. Also the azimuthal correlation of ρ 0 and π + shown in this figure can be understood from kinematics. In the γπ + → ρ 0 π + reaction at the center of the diagram of Fig. 2 (a) the initial γ follows closely the direction of p a , the initial π + follows, not so closely but still preferentially, the direction of p b (see Fig. 5 , upper right panel). Then, in the two-body reaction γπ + → ρ 0 π + the ρ 0 and π + should come out preferentially at opposite azimuths, that is, at φ = 180
o . This is indeed what Fig. 7 , lower right panel, shows. In addition to the diagram of Fig. 2 (a) there is, of course, also the diagram with the rôle of the initial protons interchanged. These diagrams contribute to different corners of the phase space as can be inferred from Fig. 5 . Thus, there are in essence no interference effects between the amplitudes from these two diagrams. This is different for the pp → ppV processes where the two amplitudes with the photon coupling to one or the other initial proton interfere strongly. This leads, for instance, to an interesting pattern in the distribution of φ pp , the azimuthal angle between the outgoing protons (see the discussion in [38] and also Fig. 13 of [25] ). Finally we compare the cross sections for the inelastic reactions pp → pnρ 0 π + and pp → ppρ 0 π 0 to the cross section for the exclusive elastic process pp → ppρ 0 . We include here for the inelastic case the diagram Fig. 2 (a) and the one with the rôle of initial protons interchanged and also the ppρ 0 π 0 production where the amplitude is as in (3.6) but with the factor √ 2 left out. For √ s = 13 TeV and Λ = 1 GeV in (3.5) we get respectively. For the ratio of inelastic and elastic cross sections we get from (4.1) -(4.3)
We see that this ratio increases only slightly with √ s.
We must mention here that the choice of the form factor parameter Λ in (3.5) affects the size of the inelastic cross sections. For Λ = 1.2 GeV and √ s = 13 TeV we get σ inel. = 1.02 µb, and σ inel. /σ el. ≃ 9.88 × 10 −2 . This should be compared to (4.1) and (4.5), respectively. We are also interested how the inelastic to elastic ratio depends on rapidity and transverse momentum of the ρ 0 meson. Therefore we define
R(p t,ρ 0 ) = dσ pp→pN ρ 0 π /dp t,ρ 0 dσ pp→ppρ 0 /dp t,ρ 0 . (4.7)
In Fig. 8 we show the ratios as a function of ρ 0 rapidity (left panel) and transverse momentum (right panel). There is almost no dependence of the ratio (4.6) on rapidity for midrapidities. Only at the edges of the rapidity phase space this ratio drops considerably. For the ratio (4.7) we predict an interesting pattern as a function of p t,ρ 0 . 
V. CONCLUSIONS
In the present paper we have studied the reaction pp → pnρ 0 π + . We have considered the diagram of Fig. 2 (a) with photon exchange on one side and pomeron plus f 2IR reggeon exchanges in the middle (between π + and ρ 0 meson) of the diagram. We have included also the diagram with the rôle of the initial protons interchanged. Due to the specificity of the reaction the corresponding amplitudes do not interfere in practice as some of the particles in the final state are emitted in different hemispheres (exclusively forward or backward) for the two diagrams. This is rather useful technically as the integration over the four-particle final state is in the case considered not easy.
We have presented first results at the Born-level. Several differential distributions have been shown explicitly for individual particles in the final state (p, n, ρ 0 , π + ). Compared to the pp → ppρ 0 reaction we find no azimuthal angle correlations between the final proton and neutron for pp → pnρ 0 π + . Absorption effects, not considered here, may change the result slightly, however, we do not expect a large effect because the photon exchange from the proton makes the reaction fairly peripheral.
It is not clear to us whether the reaction pp → pnρ 0 π + can be measured in the future at the LHC. The centrally produced ρ 0 meson could be identified by measuring two charged pions in the main ATLAS and CMS detectors. The π + π − pairs can also be detected by the LHCb forward spectrometer. The forward and backward protons and neutrons could be measured with the help of forward proton detectors (ALFA for ATLAS or TOTEM for CMS) and the Zero Degree Calorimeters, respectively. The very forward going π + is difficult to identify as there are no detectors in the corresponding region of (pseudo)rapidity.
Independent of experimental feasibility the process pp → pNρ 0 π is interesting on more general grounds. It was one of our motivations to study the size of the cross section and of differential distributions of the ρ 0 meson for the "inelastic" pp → pnρ 0 π + compared to the reference "elastic" pp → ppρ 0 reaction. In this context we have also included the pp → ppρ 0 π 0 "inelastic" process which gives a two times smaller contribution due to isospin symmetry of the p → πN vertex. We have calculated the corresponding ratios as a function of the ρ 0 rapidity and transverse momentum. The ratio of the integrated cross sections is between 7% and 10%. For the ratios of unintegrated cross sections we found a weak dependence on ρ 0 rapidity and an interesting pattern in the ρ 0 transverse momentum dependence. We have shown that the proton excitation processes (pp → pnρ 0 π + and pp → ppρ 0 π 0 ) constitute an important inelastic (non-exclusive) background to the pp → ppρ 0 reaction when the final state protons are not measured and only rapidity gap conditions are checked experimentally. The reaction pp → pnρ 0 π + considered here may be a prototype for the reaction pp → pnJ/ψπ + . There, the mass of the J/ψ provides a (somewhat) "hard" scale. Thus, this latter reaction may also be treated in the pQCD dipole approach [24] or in the pQCD k t -factorization approach with unintegrated gluon distributions as done e.g. in [40] for the simpler pp → ppJ/ψ process.
To summarize: in this article we have studied ρ 0 production in pp collisions where one proton undergoes diffractive excitation to an nπ + or pπ 0 system. These processes contribute in experimental studies of exclusive ρ 0 production where only large rapidity gaps around the centrally produced ρ 0 are checked but the forward and backward going protons are not detected. Recently, experimental results for this kind of processes have been published by the CDF [41] and CMS [42] collaborations. We found that ρ 0 production with single diffractive excitation of one proton (no matter which one) to nπ + plus pπ 0 constitutes ≈ (7-10)% of the purely elastic ρ 0 production at LHC energies. This should be useful for background estimates to the elastic ρ 0 reaction. But we hope that the inelastic ρ 0 production will also be studied for its own sake in the future. Indeed, all our results depend on the IP ρρ coupling which determines the cross section for the reaction γπ + → ρ 0 π + . Thus, from a measurement of pp → pNρ 0 π one would be able to extract the cross section, total and differential, for γπ → ρ 0 π. This would be a continuation of the measurements of these quantities at HERA [22] at c.m. energies W γπ = 13 − 34 GeV. We wish to mention that for the LHC at √ s = 13 TeV one could cover a much broader range of W γπ but the experimental extraction of the γπ → ρ 0 π cross sections is certainly not easy. Of course, in order to get really reliable results for γπ → ρ 0 π in this way it would be mandatory to have control over absorptive corrections in pp → pNρ 0 π. But this is a rather difficult subject and is definitely beyond the scope of the present paper.
